Physical Dimensions, Parameters, and Properties used in the Simulations
shows the physical dimensions of the photoelectrochemical cell (PEC) in Figure  1 . The cell dimensions are similar to the electrochemical cell in Ref.
(1). Electrode Height 37 Table 2 shows the dimensions of a 2-D PEC, which has the mean ionic path length and flow-field similar to the 1-D PEC. The photoelectrode width of 18 mm yields the mean ionic path length of ~8.2 mm, which is the electrode spacing in 1-D PEC. The reported optimal value for membrane width is 10% of the half-width of the photoelectrochemical cell, which is ~ 1 mm. 2 The height of electrolyte in the 2-D photoelectrochemical cell is set to be equal to the width of electrolyte in the 1-D planar cell to ensure a similar flow field. Table 3 shows the electrolyte composition used in the computational studies. The polarization losses decrease with increasing buffer concentration. 3 However, increasing the buffer concentration above 0.5 M can favor crystallization of electrolyte at the electrode due to electrodialysis. 3 We have shown in the previous study that the buffer concentration of 0.5 M at pH 7.21 can be optimal to maintain pH near the electrodes at 10 mA cm -2 of current density. Table 4 shows the diffusion coefficients of species, 4 solubilities of gases 5 and pKa of buffer and water. The diffusion coefficients of species are assumed for an infinitely dilute electrolyte at 25 o C. Table 5 shows diffusion coefficients of species, pKa of buffer and water in the cationexchange membrane. We have assumed that the pKa of buffer and water does not change in the membrane. The cation-exchange membrane was modeled as an electrolyte with 1.0 M of background negative charges. The diffusion coefficients of cations were reduced by a factor of 10 6 and that of anions were reduced by a factor of 100 7, 8 relative to those for cations and anions, respectively, in the liquid electrolyte. The diffusion coefficients of O2 9 and H2 10 were obtained for a Nafion membrane. Table 6 shows the kinetic parameters for the OER and HER, which were obtained by fitting the experimental current density versus voltage data for IrOx 11 and Pt, 12 respectively. Table 7 shows the physical parameters used for calculation of the pumping power requirements for Schemes A, B, and C. The physical dimensions of cell were taken from Table 1 , the diameter of inlet and outlet ports was assumed to be 4 mm, and the density and viscosity of phosphate buffer were obtained for the composition of electrolyte given in Table 3 . 
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Computational Details
The mathematical model and computational scheme to obtain the species and potential distributions in 1-D and 2-D electrochemical cells are given in Singh et al. 3 and Jin et al. 13 , respectively. We have used COMSOL Multiphysics to solve the Nernst-Planck equations coupled with Butler-Volmer equations for surface reactions with the Navier-Stokes equation for convection. The Galerkin FEM with linear elements were used to discretize the equations, which were solved using a Multifrontal Massively Parallel sparse direct Solver (MUMPS) with an adaptive Newton's method. The tolerance was set to 1x10 -5 , and the dependent variables were normalized based on their initial values. Approximately 50,000 triangular mesh elements were used to discretize the domain. This approach was optimized for the parameters considered in this study.
We have developed a 2-D computational model for the cells shown in Figure 1 , where the electrolyte flow is along the length of electrodes and the diffusion and migration fluxes are perpendicular to the electrodes. This is effectively a 1-D transport as the species concentrations do not vary along the length of the electrodes. We have assumed a fully-developed laminar flow at the entrance of the electrochemical cells in Figure 1 , as the entrance effect is negligible for electrode length > > 1mm. The height, width, and spacing of electrodes affects the volumetric exchange of electrolytes between anode and cathode in the recirculation flow Schemes -A and -B. Figure S1 shows the decrease in the polarization loss with increasing diffusion coefficients. The polarization loss is calculated for the Scheme-A at the operational current density of 10 mA cm -2 and for a recirculation flowrate of 43.8 µl cm -2 min -1 . The polarization loss is ~83 mV for the diffusion coefficients of phosphate buffer species (shown at the 1X point in Figure S1 ). The polarization loss decreases to ~34 mV as the diffusion coefficients of phosphate buffer species increased fourfold (shown at the 4X point in Figure S1 ). The polarization loss increases to ~193 mV as the diffusion coefficients decreased twofold (0.5X point in Figure S1 ). Figure S2 shows the percentage of gas-crossover flux due to recirculation. The percentage of H2 in the O2 product stream and O2 in the H2 product stream increases with increasing recirculation flowrates. Flammable gas mixtures of composition > 4.65% 14 H2 in O2 product stream can be produced at recirculation flowrates > 80 µl cm -2 min -1 . 
Effect of Variation in Diffusion Coefficients on the Polarization Losses

Gas-Crossover in Recirculation Cells
Effect of Boundary Layer Thickness on the Polarization Losses
Previous computational studies have shown that the polarization losses increase with as the boundary-layer thickness in the stagnant photoelectrochemical cell increases.
3 Figure S3 shows the polarization losses due to the pH gradient as a function of the operating current density for Scheme A with a recirculation rate of 43.8 µl cm -2 min -1 and for a boundary-layer thickness of 50 µm, 100 µm, or 150 µm. At the operational current density of 10 mA cm -2 , the polarization losses for the boundary-layer thickness of 50 µm, 100 µm, and 150 µm were 4.13 mV, 9.01 mV, and 13.35 mV, respectively. Figure S3 : pH gradient loss versus current density for Scheme A operating at the recirculation rate of 43.8 µl cm -2 min -1 and the boundary-layer thickness of 50 µm, 100 µm, and 150 µm.
Important Factors for Implementation of Flow-cells
To produce cost-competitive hydrogen, pre-pressurization or electrochemical pressurization is often required. 15 Electrochemical pressurization of hydrogen can be readily achieved by, and robust gas separation and electrolyte transport are generally characteristic of, electrolyzers constructed using passive transport devices that operate at extreme pHs. The flow devices, in turn, will face significant engineering challenges in gas and fluid handling to produce and collect pressured H2(g) that will affect the balance of systems design and cost. These factors must be considered in the future analysis and implementation of flow cells.
